Introduction
Since its invention for thermomechanical data storage ͓1͔, the applications of a heated microcantilever have expanded to thermal dip-pen nanolithography ͓2,3͔, thermochemical nanolithography ͓4͔, nanometer-scale thermal analysis ͓5,6͔, and thermally sensed nanotopography ͓7-9͔. Because most of these applications make use of the thermal interaction between a heated cantilever and a substrate, the heat transfer process must be well understood to further improve these technologies based on heated cantilevers. Significant efforts have been made to understand the thermal, electrical, and mechanical behaviors of heated cantilevers in various operation conditions ͓10,11͔ and environments ͓12,13͔. However, these studies focused on the cantilever itself, without a detailed heat transfer analysis of the substrate. Although some studies considered a substrate when performing the design analysis of heated cantilevers for thermomechanical data storage ͓14͔ and thermally sensed topography ͓15͔, to date, no experimental investigation on the cantilever-to-substrate heat transfer has been reported.
A probe equipped with a temperature-sensing tip has long been incorporated in a scanning probe microscope ͑SPM͒ platform for the development of scanning thermal microscopy ͑SThM͒ ͓16-20͔. With the help of SThM, remarkable progress has been made in understanding complicated heat transfer mechanisms at nanoscale contacts and their thermal conductances ͓17,21,22͔. However, an understanding of the heat transfer mechanisms in SThM cannot be directly applied to the cantilever-to-substrate heat transfer for the following reasons. In SThM, the substrate is usually heated to several tens of degrees above room temperature, whereas the heated cantilever is typically operated at much higher temperatures from several hundreds to sometimes above 1300 K. Moreover, the heated cantilever has a relatively large heater area, e.g., 8 ϫ 16 m 2 . As a consequence, a substantial amount of heat will be transferred via air conduction to the substrate ͓7͔.
In the present study, a resistive thermometer with a submicron spatial resolution was fabricated on the substrate to obtain the surface temperature at various locations with respect to the cantilever position. In the following, the experimental setup is described first. A semianalytical model is developed to predict the surface temperature distribution on the substrate. Comparison between the experiment and the modeling not only reveals the mechanisms of heat transfer from the cantilever to the substrate but also allows an estimation of the resultant substrate temperature changes.
Experiment
The heated cantilever is made from doped single-crystal silicon. It features a "U" shape to accommodate electrical current flow and has a heater integrated at the free end, as shown in Fig. 1͑a͒ . The cantilever tip has a height between 500 nm and 1 m, with a tip radius of 20-50 nm. The cantilever used in the experiment has a heater size of 8 ϫ 16 m 2 . The heater region was phosphorus doped with a concentration around 10 17 cm −3 . The legs of the cantilever acted as electrical leads, and thus were heavily phosphorus doped to around 10 20 cm −3 to achieve low resistivity. The length and width of each leg are 85 m and 15 m, respectively. When an electrical current flows through the cantilever, more than 90% of the power is dissipated in the highly resistive heater region, resulting in a temperature increase that can exceed 1300 K ͓10͔. The thickness of the cantilever was designed to be around 1 m. While each cantilever has a nearly uniform thickness, the cantilever thickness can vary slightly over a given batch due to etch nonuniformity. A thermal constriction region, with a length of 15 m and a width of 6.5 m between the heater and each leg, helps confine to some extent the thermal energy to the heater region ͓23͔.
A surface micromachined thermometer with a submicron spatial resolution is well suited to measure the substrate temperature. Recently, Au/ Ni thin-film thermocouples with a submicron junction have been developed to measure the surface temperature change during electron-beam resist heating ͓24,25͔. Although a thermocouple can achieve good spatial resolution, its low sensitivity is a serious drawback. For example, the Seebeck coefficient of the thermocouple in Ref. ͓25͔ is 6-7 V / K, which is too small to accurately measure a temperature change that is less than 10 K. A resistive thermometer has a relatively high sensitivity, although the achievable spatial resolution is somewhat lower than that of a thermocouple junction. In the present study, a thin-film platinumresistance thermometer ͑PRT͒ with a submicron sensing probe was fabricated. After deposition of a 1-m-thick SiO 2 layer on a Si substrate of 500 m thickness, a platinum layer of 35 nm thickness was deposited by e-beam evaporation. The submicron PRT was then fabricated using a focused-ion-beam ͑FIB͒ milling process. After the PRT was fabricated, a 5 nm Al 2 O 3 layer was deposited to prevent electrical interface with the cantilever tip. The thermometer has a four-wire configuration for accurate measurements of its electrical resistance. Based on the scanning electron microscopic ͑SEM͒ images shown in Fig. 1͑b͒ , the length and width of the sensing probe are measured to be 29 m and 140 nm, respectively, with an uncertainty of 10%. Due to its negligibly small thermal resistance in the vertical direction and very large thermal resistance in the lateral direction, the presence of PRT has little influence on the substrate temperature.
The experiment was performed in a commercial atomic force microscope ͑AFM͒ platform ͑Asylum MFP-3D͒, illustrated in Fig.   2͑a͒ . The AFM was operated in oscillatory ac mode to prevent the PRT from any possible damage by the contact force of the cantilever tip ͓9͔. While the cantilever scans the surface of the PRT specimen, a topographical image can be obtained with the AFM instrument using its built-in laser and a position-sensing photodiode detector. Even though the cantilever is operated in ac mode, it remains in a thermal steady state because the oscillating frequency ͑75.6 kHz͒ is much higher than the inverse of the cantilever's thermal time constant ͑0.3 ms͒ ͓9,11͔. Thus, the cantilever voltage can be easily measured without any frequency-domain instrumentation. By monitoring the resistance of PRT during the scan, the temperature change of the substrate surface can be determined. A multichannel 16 bit analog-to-digital ͑A/D͒ converter embedded in the AFM controller was used to simultaneously measure the cantilever and PRT voltage signals.
Both the cantilever and PRT signals were measured in bridge circuits, illustrated in Fig. 2͑b͒ , to remove any dc offset that could be more than 1000 times the actual signal. The cantilever voltage change was measured using a Wheatstone bridge through the potential difference between A and B, i.e., ⌬V C = V B − V A . During the experiment, the total input voltage, V in , was feedback controlled to maintain the cantilever resistance at a prescribed value. For real-time control, an NI PCI-6052 data acquisition system measured the voltage drops across the cantilever and the sense resistor with a sampling rate of 2000 data per second. The LABVIEW program was implemented to develop the proportional-integralderivative ͑PID͒ control of V in . For the PRT measurement, we used a modified Wheatstone bridge that is compatible with its four-wire configuration. The voltage change of the sensing probe can be expressed from the voltage difference between C and D as ⌬V th = 1.94͑V C − V D ͒, where the coefficient 1.94 comes from the lead resistances of the PRT; if the lead resistances are negligibly small, the coefficient would become 2. The resistance change of the sensing probe can thus be obtained from ⌬R th = ⌬V th ͑R p2 / V p2 ͒, where R p2 is the potentiometer resistance adjusted to be the same as the base thermometer resistance and V p2 is the voltage drop across the potentiometer. In the experiment, 1 k⍀ and 5.16 k⍀ resistors with 1% tolerance were used for the cantilever and thermometer bridge circuits, respectively.
Before the cantilever is engaged on the specimen, the operation condition and electrical properties of the PRT were examined. The driving current I in was set to 0.2 mA, providing the base thermometer resistance of 3.58 k⍀. The power dissipation is then 70.3 W, resulting in a temperature rise of less than 0.03 K. The resistivity of the Pt strip can be estimated from the measured resistance and its geometry: 35 nm thick, 140 nm wide, and 29 m long. The estimated resistivity of 5.63ϫ 10 −5 ⍀ cm is about five times that of bulk platinum, i.e., 1.06ϫ 10 −5 ⍀ cm. In a previous study ͓26͔, the resistivity of an electrodeposited 70-nm-diameter Pt nanowire was reported to be three times of the bulk resistivity. It is expected that the rough boundaries formed during the FIB milling process might enhance boundary scattering, giving rise to the large resistivity.
Thermal Model
Thermal and electrical coupling of the heated cantilever and the thermometer complicate the analysis of the experimental results. However, this complication can be substantially relieved by the appropriate numerical modeling. Thermal and electrical behaviors of the heated cantilever have been numerically studied when it is under the steady heating ͓10,12,27͔ and periodic heating ͓11͔. However, all of these studies considered only the heated cantilever, assuming no thermal interaction with a substrate. Although some works investigated the heat transfer from the heated cantilever to a substrate ͓15,28͔, the assumption that the substrate maintains at room temperature has prevented further insight into heat transfer to the substrate. A different approach that computes the temperature distribution of not only the cantilever but also the substrate is thus required.
This section describes the calculation of the temperature distribution along the cantilever as well as that of the substrate when the cantilever is placed above the substrate with a small and parallel gap, as illustrated in Fig. 3͑a͒ . As for the cantilever, the present analysis adopts a simplified one-dimensional ͑1D͒ heat conduction model. The thermal resistance across the cantilever thickness and width is very small compared to that along or from the cantilever, validating the 1D steady thermal modeling given by
where s is the coordinate along the axis of the cantilever, k c and A c are the thermal conductivity and the cross sectional area of the cantilever, and q is the volume density of heat generation. In Eq.
͑1͒, q a Ј=G a Ј͑T c − T ϱ ͒ and q g Ј=G g Ј͑T c − T s ͒ are, respectively, the heat transfer rate to the ambient air and that through the air gap to the surface of the specimen per unit length, where G a Ј and G g Ј are the corresponding thermal conductances, T ϱ is the ambient temperature, and T s is the surface temperature of the specimen. Due to symmetry, only half of the cantilever was modeled. The opposite end was assumed to be fixed at room temperature ͑T ϱ ͒ because the silicon base can be taken as a heat sink. The cantilever tip was not considered in the thermal analysis, since the amount of heat transferred through the tip will be negligibly small compared to that through the air gap. G a Ј was calculated from the effective heat transfer coefficient h using G a Ј=h͑w c +2d c ͒, where w c and d c are, respectively, the width and thickness of the cantilever. Note that h is mainly due to heat conduction of the air and is on the order of 1000 W / m 2 K, as explained in previous studies ͓10-12͔. Since the cantilever-substrate gap is in the transition regime between the continuum and free molecular flow, G g Ј can be written as a function of the gap ͓29͔,
where k a is the mean thermal conductivity of the bulk air between two parallel plates; ⌳ is the mean free path of the air; t is the width of the air gap; and C is a coefficient, which is on the order of 1 as estimated from rarefied gas dynamics ͓30͔. Near-field thermal radiation was not considered here because the heat transfer rate due to the near-field radiation is less than 1% of the air conduction when the cantilever-specimen gap is near 1 m ͓31͔. The thermal conductivity of the cantilever was taken from previous studies considering the doping level, temperature, and boundary scattering ͓13,27,32,33͔.
Computing the substrate temperature distribution is complicated because of heat transfer from the U-shaped cantilever and the presence of the SiO 2 film. While the finite-element method ͑FEM͒ can handle geometric complications, it is computationally intensive, particularly when iteration is required. A semianalytical approach is thus adopted based on a double-integral Fourier transform ͓34͔ and a matrix formulation ͓35͔. Because the air gap is much smaller than the width of the cantilever, the heat transfer through the gap may be treated as 1D. In essence, the specimen was treated as being subjected to a cantilever-shaped heat source on its top surface. When the heat source is divided into N rectangular segments, the temperature at any given location on the specimen surface can be expressed as ͓34͔
where ⌰ i ͑␣ , ␤͒ is a Fourier-transformed temperature change due to the ith segment ͓35͔:
Here, ͑X i , Y i ͒ is a translated position of ͑x , y͒ based on the center of the ith segment; q i Љ is the heat flux; ␥ = ͑␣ 2 + ␤ 2 ͒ 1/2 ; k m and d m are, respectively, the thermal conductivity and thickness of the Si substrate; k f and d f are those of the SiO 2 film; and l and w are, respectively, the half-length and half-width of the segment. It should be noted that Eqs. ͑3͒ and ͑4͒ were formulated under the boundary condition that the bottom of the substrate maintains at room temperature. From the temperature distribution of the substrate, the mean temperature of the PRT sensing probe can be obtained by
where L is the length of the sensing probe and dl is either dx or dy depending on the thermometer alignment. Equations ͑1͒-͑4͒ are coupled together and should be solved concurrently. The temperature distribution along the cantilever and that on the specimen surface were iteratively calculated until the cantilever-to-specimen heat transfer rate, q g , converged within 0.1%. It should be noted that q g can be obtained by the integration of q g Ј in Eq. ͑1͒ along the cantilever. Similarly, the heat transfer rate to the air, q a , can be calculated from q a Ј. Once q g is determined, the temperature distribution on the specimen surface can be easily calculated from Eqs. ͑3͒ and ͑4͒. Figure 3͑b͒ shows an example of the surface temperature distribution around the cantilever heater region when the cantilever resistance is 1.75 k⍀. It is clear that the mean temperature of the PRT can be determined from the calculated surface temperature distribution.
Results and Discussion
The heated cantilever was electrically and thermally characterized when the cantilever was either far off the specimen or engaged on the specimen surface. Figure 4͑a͒ shows the cantilever resistance as a function of the heater temperature, which was measured with a micro-Raman spectrometer with a spatial resolution near 1 m ͓36͔. The curve is nonlinear, and the slope becomes negative when T H Ͼ 900 K ͓24͔. In Fig. 4͑b͒ , the cantilever resistance is plotted against the cantilever power dissipation. When compared to the off-specimen case, the resistance curve of the on-specimen case is largely shifted to the high power dissipation. This is because the heat transfer rate is enhanced due to the presence of the specimen. The calculation results based on the measured resistance-temperature relation are shown as solid curves in Fig. 4͑b͒ . In the off-specimen data analysis, the cantilever thickness was taken as a fitting parameter and a value of d c = 620 nm was obtained. The thickness value is consistent with earlier studies where the thickness was measured with a SEM ͓10,11͔. As shown in Fig. 4͑b͒ , the calculation agrees with the measurement within 0.5% in the off-specimen case. In the on-specimen analysis, the air gap t was taken as a fitting parameter. The calculated cantilever resistance agrees with the measurements within 1.0%. The air gap is estimated to be 770 nm, which is comparable to the cantilever tip height ͑ϳ600 nm͒ measured with SEM. A little overestimation of the air gap can be explained with two reasons. The first reason is that in the actual measurement, the cantilever is not parallel to the substrate but tilted about 11 deg. Because of the difficulty in the iterative processes, the effect of tilting was not considered in the modeling. However, since most of heat is transferred near the free end of the cantilever, the effect of tilting would not provide significant difference on the results. Another reason may be because the modeling did not consider the trench next to the PRT in the real thermometer specimen, as shown in Fig. 6͑a͒ . Due to the trench whose depth is approximately 60 nm, the effective air gap will be greater than the cantilever tip height. Figure 4͑c͒ shows the calculated cantilever power dissipation and heat transfer rates as functions of the total input voltage. The heat transfer to the substrate q g is responsible for 70-75% of the cantilever power dissipation, whereas the heat transfer to the air q a accounts for 10-15%. The remaining 10-20% of heat dissipated in the cantilever is transferred by conduction along the legs. Be- Fig. 4 The characteristics of the heated cantilever when it is off the specimen and on the specimen. "a… The cantilever resistance versus heater temperature measured with a microRaman spectroscope. "b… The cantilever dc characteristic curves are compared between the off-specimen and onspecimen cases. "c… The calculation reveals that up to 75% of the cantilever power is transferred to the substrate via the air gap and SiO 2 film.
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Transactions of the ASME cause the thermal conductivity of heavily doped silicon is lower toward higher temperatures, the rate of heat transfer via the cantilever legs decreases with increasing V in . The PRT was characterized by placing the heated cantilever on the thermometer with two different directions: parallel alignment, and perpendicular alignment, as illustrated in Fig. 5 . Figure 5͑a͒ shows the resistance change of the PRT, ⌬R th , as the cantilever power increases. The thermometer resistance increases more steeply when the cantilever is aligned in parallel with the PRT sensing probe than when the cantilever is aligned perpendicular to it. This is because more area of the thermometer is underneath the cantilever. Figure 5͑b͒ plots the measured thermometer resistance against the calculated average thermometer temperature rise. The temperature coefficient of resistance ͑TCR͒ was estimated to be 6.76ϫ 10 −4 K −1 from the parallel alignment and 7.74ϫ 10 −4 K −1 from the perpendicular alignment. These values are near one-fifth of the TCR of bulk platinum, which is 0.0039 K −1 . The difference of the thermometer TCR for the two alignments may be attributed to the presence of the trench in the specimen. As mentioned earlier, the presence of the trench may increase the effective cantilever-PRT air gap. Following the trench orientation, the effective air gap for the perpendicular alignment will be smaller than that for the parallel alignment; this results in a slightly higher substrate surface temperature increase for a given cantilever power. Since our calculation did not consider the presence of the trench, the calculated substrate temperature increase for the perpendicular alignment could be lower than the true value, yielding a somewhat higher TCR. Another reason may be caused by the misalignment of the cantilever, particularly in the perpendicular case, where oblique alignment of the cantilever will cover relatively a larger area of the sensing probe and thus yield a higher estimated TCR. The temperature-dependent electrical resistance of nanostructured platinum has been reported by several research groups. The TCR of microfabricated Pt structures depends strongly on the characteristic length as well as on the fabrication method. Marzi et al. ͓26͔ obtained 0.0014 K −1 as the TCR of an electrodeposited Pt nanowire of 70 nm in diameter, and Zhang et al. ͓37͔ measured the TCR of a polycrystalline Pt nanofilm of 62 nm in thickness to be 0.0013 K −1 . The lower TCR values obtained for the PRT in the present study may be consistent with its higher resistance values. An experimental calibration of the fabricated PRT was originally planned but could not be materialized due to the damage occurring in the PRT after several measurements. Figure 6͑a͒ shows the topographic image, obtained in ac mode, of the specimen around the PRT. The upper plot is the line scan along AAЈ, where the sharp peak in the middle is associated with the Pt strip. Around the peak was a nearly 60-nm-deep trench, indicating that the FIB milling has overetched the sample. The overetching is unavoidable to guarantee the complete removal of the residue platinum and its adverse effect on the temperature measurement. Figure 6͑b͒ shows the scanned cantilever voltage change while the cantilever resistance is maintained at 1.75 k⍀. The cantilever voltage image is inverse to the topographic image, because more power is needed to maintain the cantilever temperature as it moves closer to the substrate. The estimated sensitivity of the voltage signal change is approximately 130 V / nm, which is similar to the previous experiment ͓9͔. However, when compared to Ref. ͓9͔ that did not use feedback control, Fig. 6͑b͒ exhibits higher noise. Due to the limited computation speed of real-time control, the sampling rate was set to 2000 data per second, yielding 0.5 ms interval between adjacent data points. This interval is comparable to the thermal time constant of the cantilever and thus cannot perfectly control the cantilever resistance, resulting in a higher noise floor. The noise will be suppressed in the actual measurement by averaging over a large number of samples.
The resistance change of the PRT is shown in Fig. 6͑c͒ for parallel alignment as a function of the position ͑x , y͒ of the cantilever tip with respect to the Pt strip. When the tip is in the middle of the PRT, the average temperature of the PRT is the highest. The scanning speed was set to 0.5 Hz for scanning a line of 35 m. With 256 points per line, the spatial resolution is about 140 nm, and it takes about 4 ms to measure each point. If the specimen is assumed as a semi-infinite medium with a point heat source, the thermal time constant of the specimen is about 10 s. Hence, the scanning speed is slow enough for steady state to be established in the substrate. The maximum resistance increase is near 17 ⍀, which can be converted to 7.0 K temperature rise. Although the cantilever heater is maintained at about 670 K and transfers 4.8 mW to the substrate, this small temperature rise at the specimen surface is because the heat is quickly spread into the silicon substrate due to its large thermal conductivity. After the cantilever passes the PRT, its resistance gradually decreases. However, heat transfer from the cantilever leg affects the substrate temperature, resulting in the asymmetric resistance curve. For comparison, the calculated resistance is plotted against the measurement on the top graph of Fig. 6͑c͒ when the AFM scans across the AAЈ line. The calculated resistance change is steeper than that from the experiment. This suggests that the 1D model of heat transfer through the air gap may be an oversimplified approach and the lateral heat spread from the cantilever heater should be further considered. Figure 6͑d͒ shows the PRT contour and curves along the AAЈ line when the cantilever is in perpendicular alignment. When compared to Fig. 6͑c͒ , the resistance profile becomes much flatter because the thermometer is still exposed to the cantilever heater although the cantilever tip has been moved away from the Pt strip. However, the area of the PRT underneath the cantilever heater is only about half of that in the parallel alignment, resulting in about a half of the resistance increase in Fig. 6͑c͒ . The calculation agrees very well with the measurement. Although Fig. 6͑c͒ shows a discrepancy between the calculated resistance change and the measured one, they occupy the almost the same area under their curves within 5%. Provided that the thermometer signal is the averaged one over the thermometer length, the averaged temperature for the perpendicular alignment should not differ significantly between the calculation and the measurement. Figure 7 shows the cantilever voltage and resistance ͑and the corresponding average temperature͒ of the PRT during a singleline scan for various cantilever resistances from 1.0 k⍀ to 2.0 k⍀. The corresponding heater temperatures are 400 K, 520 K, 600 K, 670 K, and 740 K. The measurement was performed 128 times for each cantilever resistance setting across the same scan line ͑i.e., the center of the sensing probe͒, and the average of the 128 runs is plotted. Figure 7͑a͒ shows the cantilever voltage curves in the same figure by ignoring the dc offset. When the cantilever is operated at higher resistances, the cantilever voltage changes more prominently due to the increasing slope of the resistance-temperature curve in this range. The sensitivity of the cantilever voltage signal versus the cantilever height is around 200 V / nm at R C = 2.0 k⍀. Figure 7͑b͒ shows the PRT response during the scan in parallel alignment. The uncertainty in the PRT resistance is estimated to be around 0.40-0.45 ⍀. The estimated uncertainty is a Type A standard uncertainty arising from random effects during 128 measurements, determined based on 95% confidence level; a Type B uncertainty arising from a systematic effect was assumed to be negligibly small. The right scale indicates the converted average temperature rise of the PRT. The small dip near the peak of the curve corresponds well with the cantilever voltage dip shown in Fig. 7͑a͒ . When the cantilever moves from trenches to the middle of the PRT Pt strip, the cantilever-specimen gap increases by as large as 95 nm, resulting in the decrease in the heat transfer rate to the specimen. A dip depth of the PRT signal at R C = 2.0 k⍀ is around 1.0 ⍀, corresponding to 0.25 K temperature decrease. The magnitude of this temperature decrease suggests that even though the nanoscale heat transfer near the tip may be important for local heating of the substrate ͓14͔, air conduction is the dominant mechanism in the cantilever-to-substrate heat transfer process. The uneven topography of the fabricated PRT in the present study does not allow measurement of the temperature rise due to heat transfer near the tip. In future work, this localized temperature rise needs to be measured with a thermometer that has a spatial resolution comparable to the tip radius. However, it should be noted that the electrical resistance and the TCR of the thermometer will decrease as the probe size is reduced, degrading the measurement sensitivity. The trade-off between sensitivity and spatial resolution must be carefully considered when designing a nanoscale thermometer.
The perpendicular-aligned scanning results are shown in Fig.  7͑c͒ , with uncertainties of around 0.40 ⍀ at R c = 1.0 k⍀ and 0.20-0.25 ⍀ at other operation conditions. As already observed in Fig. 6͑d͒ , there exists a flat region on the order of the cantilever heater width. The resistance of the PRT experiences a small increase for x from approximately 17 m to 26 m; this is due to the presence of the trench that causes the cantilever to be closer to the specimen. Right at the middle of the Pt strip, the cantilever is raised and the resistance or temperature of the PRT exhibits a dip. The curves are slightly asymmetric, which is mostly likely caused by the uneven mount of the cantilever. Another possibility is that the cantilever temperature profile may be asymmetric due to thermoelectric effects. Recently, Jungen et al. ͓38͔ demonstrated that the Thomson effect becomes important when the device dimension is significantly reduced, causing the asymmetric temperature profile of the device.
Since the scanning experiment cannot measure the localized heat transfer near the tip due to the uneven topography of the PRT, an alternative approach should be considered. To this end, the so-called force-displacement experiment was performed. In the experiment, the cantilever deflection, cantilever voltage, and thermometer resistance were simultaneously recorded while the heated cantilever approached and retracted from the thermometer aligned in parallel with the cantilever. Figure 8͑a͒ shows the cantilever deflection for different cantilever resistances. When the cantilever approaches the substrate, the cantilever deflection signal remains nearly unchanged until the cantilever contacts the thermometer. The cantilever then "jumps" to contact with the thermometer due to the attractive force between the tip and thermometer. This attractive force is also responsible for the "snapping" out of contact when the cantilever retracts from the thermometer. Since the temperature in all cases is well above the saturation temperature of water, we presume that the heated cantilever locally evaporates most or all of the adsorbed water near the tip. Thus, the attractive force may not originate from the capillary effect of the water film formed between the cantilever tip and thermometer, as is the case of the SThM experiment at near room temperature ͓21,39͔. The attractive force may be the combination of the electrostatic force and the thermal force ͓40͔. Figures 8͑b͒  and 8͑c͒ , respectively, show the cantilever voltage and thermometer resistance change during the force-displacement experiment. When the cantilever approaches the thermometer, both the cantilever and thermometer signals increase because more heat is transferred to the substrate. Upon contact, both the cantilever and Fig. 7 The cantilever signals and thermometer signals when the cantilever resistance is controlled with different values. As the cantilever is maintained with higher resistance, more heat is transferred between the cantilever and substrate, resulting in "a… an increase in ⌬V C , "b… an increase in ⌬R th for parallel alignment, and "c… an increase in ⌬R th for perpendicular alignment. Fig. 8 The force-displacement experiment results when the cantilever is aligned with the nanothermometer in parallel and controlled with the cantilever resistance. "a… The deflection signal shows that as the cantilever resistance increases, the cantilever bends down due to electrostatic and thermal forces. "b… The cantilever voltage increases as the cantilever approaches the substrate to maintain the temperature. "c… As a result, the thermometer resistance increases as the cantilever approaches the substrate.
PRT signals make stepwise changes and remain almost constant afterward, as the air gap does not change anymore.
For the quantitative investigation of the tip-specimen conduction, the force-displacement results at R c = 2.0 k⍀ are replotted in Fig. 9 . At the moment the cantilever contacts the PRT, the thermometer resistance jumps up by 1.2Ϯ 0.1 ⍀, which corresponds to 0.50Ϯ 0.04 K temperature rise. At the same time, the cantilever voltage changes by 6.0Ϯ 0.6 mV, corresponding to 17.3Ϯ 0.5 W cantilever power change. When considering the aforementioned cantilever voltage sensitivity ͑i.e., 200 V / nm at R c = 2.0 k⍀͒, the cantilever jump-in and resultant change of its vertical displacement ͑i.e., 6 nm͒ would correspond to only 1.2 mV in the cantilever voltage change. Thus, a significant amount of the cantilever voltage change is due to the heat transfer through the nanocontact between the cantilever tip and the specimen. The effective contact thermal conductance estimated from the simple thermal network analysis is G b =40Ϯ 10 nW/ K. This estimated contact thermal conductance falls into the range of what was suggested by previous works ͓6,17,21͔; they estimated the contact thermal conductance to be 10-100 nW/ K, depending on the contacting area. The estimated contact thermal conductance may include other thermal resistances such as tip resistance and spread resistance in the substrate ͓6͔. It should be noted that the thermal conductance due to the air conduction from the cantilever heater to the specimen is estimated to be around 14.9 W / K at R c = 2.0 k⍀, which is still two orders of magnitude larger than the contact conductance.
Conclusions
The heat transfer between a heated microcantilever and a substrate is investigated by measuring the surface temperature rise with a fabricated PRT on a SiO 2 -coated Si substrate. The estimated TCR of the thermometer is around 7 ϫ 10 −4 K −1 , approximately one-fifth of the bulk value for platinum. The use of the PRT in an AFM platform enables the determination of the surface temperature change while the heated cantilever scans. Simultaneous measurements of the surface topography, cantilever temperature, and the substrate surface temperature provide the accurate cantilever-substrate heat transfer rate. When the cantilever is engaged on the specimen, up to 75% of the cantilever power is transferred to the substrate. However, the surface temperature increase is less than 10 K due to the high thermal conductivity of the Si substrate. From the force-displacement experiment, the effective contact thermal conductance is estimated to be around 40 nW/ K, which is still two orders of magnitude smaller than that of the cantilever-substrate air conduction. This indicates that the air conduction is the dominant heat transfer mechanism between the heated cantilever and the substrate. The obtained results will facilitate further understanding of the thermal behavior of the heated cantilever during the actual operation and the resulting heating effect on the substrate. Fig. 9 The force-displacement experiment result at R c = 2.0 kΩ, which is magnified on the moment of contact. There is a jump on the cantilever and thermometer signals when the cantilever contacts the substrate, from which the effective contact conductance can be estimated to be around 40 nW/ K.
